We have investigated the crystal and magnetic structures of the trigonal iron-boracite Fe3B7O13X with X = OH by neutron diffraction. Neutron diffraction enables us to locate the hydrogen atom of the hydroxyl group and determine the magnetic ground state of this member of the multiferroic boracite family. No evidence was found for a monoclinic distortion in the magnetic ordered state. The magnetic symmetry allows for magnetoelectric and ferroelectric properties. The Néel temperature TN of 4.86(4) K confirms the general trends within the boracites that TN decreases from X = I > Br > Cl > OH. Surprisingly while Fe3B7O13OH exhibits the largest frustration with | θ/TN | = 5.6 within the Fe3B7O13X series, no reduction of the magnetic moment is found using neutron diffraction.
I. INTRODUCTION
Since the discovery of multiferroic properties in TbMnO 3 , 1 the field of multiferroic materials have attracted a lot of interest. [2] [3] [4] This interest arises from the emergence of new fundamental physics 5 and potential technological applications. 3, 4 This field also gave rise to the reinvestigation of a large number of "old" materials such as, for instance, the manganites RMnO 3 6 or the pyroxene family. 7 Historically, the first family of multiferroic materials to be investigated was the boracite family.
Boracites are materials exhibiting the general formula M 3 B 7 O 13 X where M is a transition metal ion or alternatively Mg, Cd. The vast majority of the boracites are halogen boracites with compositions X = Cl, Br or I. 8 Occasionally X can be OH, F or NO 3 and these associated phases have been much less investigated. 9 The boracites have been widely investigated due to their ferroelectric, ferroelastic and magnetic properties.
10 Several compositions within the boracites with X = Cl are natural minerals. They are of interest for mineralogists due their complex twinning and anomalous optical properties. 11 Despite the large number of studies dedicated to this family and its wide chemistry, few studies have been dedicated to the determination of their magnetic ground states using neutron diffraction.
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Recently, a new composition with M = Fe and X = OH has been reported. 16 It has been shown that this boracite crystallizes in the space group R3c (No. 161). This system orders antiferromagnetically below T N ≃ 4.8 K and potentially exhibits magnetic frustration. Magnetic frustration could arise due to the arrangement of magnetic Fe 2+ ions which is based on a triangular framework. A magnetic system is considered to be spin frustrated when the ratio f = | θ/T N | is equal to or greater than 6.
17 For Fe 3 B 7 O 13 OH, f is about 5.6, 16 and thus it may exhibit * Corresponding author: Gwilherm Nénert, g.nenert@gmail.com some magnetic frustration. However in the absence of neutron diffraction, this study could not further probe the exact nature of the ground state of this material. We aim here to investigate the magnetic ground state using powder and single crystal neutron diffraction. Additionally, we have used neutron diffraction in order to better characterize the crystal structure and in particular the hydrogen position which could not be located from x-ray single crystal work.
II. EXPERIMENT
Small single crystals of Fe 11 3 B 7 O 13 (OH) were synthesized by a hydrothermal method. A mixture of FeO, 11 B 2 O 3 , and NaOH solution (4 mol/L) was sealed in a silver capsule. Then it was heated up to 600
• C in a test-tube-type autoclave under 150 MPa of hydrostatic pressure. After the reaction for 3 days, the product was washed with hot water in order to remove the excess of 11 B 2 O 3 .
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2 O 3 was used in order to reduce the absorption of natural boron by neutrons.
Most of the neutron diffraction measurements were carried out on powder samples. The precise crystal and magnetic structures were investigated using high resolution powder data at various temperatures using the D2B diffractometer at the Institut Laue Langevin (ILL). The measurements were carried out at a wavelength of 1.594 A corresponding to the (335) Bragg reflexion of a germanium monochromator. The neutron detection is performed with 3 He counting tubes spaced at 1.25
• intervals for D2B. A complete diffraction pattern is obtained after about 25 steps of 0.05
• in 2θ. Powder neutron diffraction was carried out by crushing small single crystals resulting in a fine light brown powder. Measurement was carried out above the Néel temperature (T ∼ 9 K) and below (T = 1.8 K). Diffraction data analysis was done using the FullProf refinement package.
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Additional data were collected on the high resolution four-circle single crystal diffractometer D9 at the ILL. Few reflections were followed as function of temperature to determine the critical temperature behavior of the magnetic order. Data collection was done using a wavelength of 0.706Å obtained by reflection from a Cu(220) monochromator. The wavelength was calibrated using a germanium single crystal. D9 is equipped with a small two-dimensional area detector 19 , which for this measurement allowed optimal delineation of the peak from the background. For all data, background corrections 20 and Lorentz corrections were applied.
III. RESULTS AND DISCUSSION

A. Structural properties
Attempts to solve the crystal structure using single crystal neutron diffraction data were unsuccessful due to large twinning of the crystals. Consequently only few reflections measured on the single crystal diffractometer could be used. Powder diffraction data were used to solve the crystal and magnetic structures.
Attempts to refine the crystal structure at 9 K using the x-ray single crystal model were unsuccessful. The best refinement which could be obtained is shown in Figure 1. These data show clearly that some intensity is lacking over the whole pattern. This discrepancy results from the impossibility from the x-ray single crystal data to locate the hydrogen atom of the hydroxyl group. Prior to investigate the magnetic properties of this polar iron boracite, we have been using the neutron diffraction data in order to locate the hydrogen atom of the hydroxyl group. Localization of the missing hydrogen atom participating to the hydroxyl group was done by calculating the difference Fourier map of the refined pattern shown in Figure 1 . The difference Fourier map obtained at 9 K is illustrated in Figure 2 . The hydrogen atom can be localized in the Wyckoff position 6a in (0, 0, z). The refined atomic position of the hydrogen atom is (0, 0, z = 0.0426 (10) . The final Rietveld refinement at 9 K is show in Figure 3 and the corresponding atomic positions are given in Table I . A representation of the Fe 3 trimer unit with the hydroxyl group is shown in Figure 4 . The O -H bond is directed along the polar c axis. Its distance obtained after refinement is 1.00(3)Å. This bond distance is in excellent agreement with other report for hydroxyl group in minerals. As mentioned in the previous section, the magnetic structure was determined using the powder neutron diffraction data. The 1.8 K neutron diffraction pattern collected on D2B indicates the presence of additional magnetic reflections at reciprocal lattice positions of the nuclear cell as shown in Figure 5 .
Using single crystal data, despite of the twinning, we could follow as function of temperature few magnetic reflections. This enables us to probe the nature of the magnetic phase transition. We present in Figure 6 the temperature evolution of the (205) reflection. Attempt to fit the data close to T N using a phenomenological model of power law gives rise to T N = 4.86(4) K. This Néel temperature is in excellent agreement with the previously reported value. 16 The critical exponent that we obtain give rise to β = 0.47(6) which is close to 1 2 suggesting that the magnetic ordering in Fe 3 B 7 O 13 (OH) follows a typical mean-field theory.
The possible magnetic structures compatible with the symmetry of Fe 3 B 7 O 13 (OH) were determined using BasIreps. 23 For the propagation vector 
The best refinement of the powder neutron data was obtained considering the magnetic structure associated to the irreducible representation Γ 1 . The resulting magnetic moment for the Fe 2+ ions is 4.5(2) µ B . This value is higher than the spin only value of 4 µ B . This is likely related to the orbital contribution to the magnetic moment coming from Fe 2+ ions. This is in agreement with the reported Mössbauer data where a large quadrupole spitting is reported. 16 The resulting fit of the powder data at 1.8 K is presented in Figure 7 . A representation of the magnetic structure is shown in Figure 8 . The (Ref.  24 ) 1|0,0,0 3+00z|000 3-00z|000 (mxxz|0,0, spins lie mostly within the (ab) plane with a small out of plane component. This out of plane component is necessary in order to describe properly the first magnetic reflection at 2θ ∼13.1
• . In Figure 8 , the out of plane component points down. While moving along the trigonal axis, the orientation of the spins changes by 60
• and the out of plane component points alternatively down and up. The overall magnetic structure is purely antiferromagnetic without any weak ferromagnetic component. The resulting magnetic symmetry is R3c.
These results are in contrast with the reported literature on the magnetic ground state of the boracites.
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Fe 3 B 7 O 13 (OH) crystallizes in the trigonal space group R3c which is potentially ferroelectric but does not exhibit any weak ferromagnetic component in contrast to all the other reported boracites.
8 Even Co 3 B 7 O 13 Cl which also exhibits the trigonal symmetry R3c at room and low temperature, changes of symmetry giving rise to a weak ferromagnetic component below T N = 12 K. 25 It would be of interest to investigate the other compositions exhibit the trigonal R3c symmetry (X = OH, NO 3 for instance) at room temperature in order to investigate further whether Fe 3 B 7 O 13 (OH) is the exception to the rule or not.
Another interesting point in the magnetic properties of Fe 3 B 7 O 13 (OH) is the absence of reduction of the magnetic moment despite the expected presence of • . Graphical representation was made using the software VESTA. Similar results are reported for the other compositions investigated by neutron diffraction. 13, 15 In boracites, the frustration parameter f increases going from X = I > Br > Cl. 12, 26 Using the results from literature for M = Fe, we can further extend the rule to X = OH and we notice that the frustration parameter f increases from X = OH > I > Br > Cl going from 1.4 (X = Cl) to 5.6 ( X = OH). The f parameter for the halogen boracites remains small irrespective of the chemical composition and much below 6 (at most f ∼ 3 for X = I). Consequently the lowering of symmetry from R3c to Pca2 1 gives rise surprisingly to an increase of the reduction of the magnetic moment while the frustration parameter f decreases. DFT calculations would be necessary in order to investigate in more detail the magnetic frustration in the boracites.
IV. CONCLUSION
We have investigated by neutron diffraction the crystal and magnetic structures of the newly reported trigonal iron boracite Fe 3 B 7 O 13 (OH). We were able to locate the hydrogen atom within the structure by Fourier map difference. The hydroxyl group is characterized by a hydrogen oxygen bond distance in excellent agreement with other hydroxyl groups reported in other minerals. In agreement with previous report, we find that below T N = 4.86(4) K an antiferromagnetic state takes place characterized by − → k = − → 0 . The resulting magnetic moment is 4.5(2) µ B is larger than the spin only value of 4 µ B . This difference is probably related to the orbital contribution to the magnetic moment. We show that the magnetic frustration in boracites increases along X = OH > I > Br > Cl although without giving rise to a reduced magnetic moment for X = OH as expected for a magnetically frustrated system. We demonstrate that Fe 3 B 7 O 13 (OH) is a very unusual system within the boracite family. We expect that this work will stimulate experimental investigations of the other compositions with the boracite family with X = OH and NO 3 .
